I. INTRODUCTION
In recent years, the interest to investigate kinematic characteristics of reaction products has been preconditioned by the attempt to create an universal picture of the interaction between high energy projectiles with heavy nuclei targets and to determine the basic mechanism responsible for the development of the several process that usually occur [1] [2] [3] . For instance, the possibility to obtain an unified presentation of the momentum and energy distributions of the fragments produced by interacting system would enrich the whole picture of reaction mechanism and would extend the conception of the reaction models. In relativistic nucleus-nucleus collisions, one of the most interesting question to be addressed is related to the energy transfer mechanism between the projectile and the target. Nuclear recoil experiments can provide valuable information, such as angular distributions and kinetic energies of the produced nuclei. These kind of information can deepen our understanding of the reaction mechanism and allows the test of different model representations.
Recoil properties of nuclei can be determined via the thick-target thick-catcher associated with the induced activity method. The thick-target thick-catcher method has been extensively applied to investigate hadron-induced reactions on various targets over a wide range of incident energy. The important feature in these experiments is that the thickness of the target and catcher foils should be larger than the longest range of the recoiled product. The quantities to be measured are the fractions of F and B intensities of the produced nuclides that recoil out of the target foil after the reaction into the catcher foils positioned at forward and backward directions, respectively. Such technique has been used to investigate the fragment kinematic properties of proton-induced reaction in uranium target [4, 5] . Also, for proton-nucleus on gold target, a wealth of data about the kinematic properties of fragments has been accumulated over the years [6] [7] [8] . These investigations were suitable to verify the contribution of different mechanisms such as fission, fragmentation, and spallation in the reaction. Moreover, experiments on kinematic properties for reaction induced by heavier projectiles, such as high-energy 12 C ions, have also been performed, where target fragment angular distributions were obtained [9] [10] [11] .
In the present paper we report the results for the recoil properties of the fragments produced by the interaction of 4.4 GeV deuteron with 197 Au target. High energy reactions induced by deuteron have the particularity that, due to the low binding energy of the deuteron (2.22 MeV), the reaction can proceed with the deuteron either as hole nucleus or as no interacting nucleons (proton plus neutron). These components are revealed in the present experiment by considering the analysis of the kinematics properties of the different mass region and compare with the results from proton-induced reaction at similar incident energies. We have also previously investigated recoil properties of fragments formed in the reactions induced by deuteron and proton beam at 3.65 GeV/nucleon on 118 Sn target [12, 13] . We have used the same technique as in this work to measure the recoil properties of many of the same nuclides, thus permitting a comparison of how these properties vary with bombarding energy, target and projectile (single nucleon or system of composite nucleons).
The present paper is divided as follows; Section II is devoted to give some details on the experimental procedure and data analysis, where we have used the two-step vector model [14, 15] . In Section III we present the results and the discussion, where we have performed a comparison of the results with deuteron and proton induced reactions. Final conclusions is given in Section IV. of about 2π is provided by using the catcher foils at the immediate vicinity of the target.
The irradiation time was 28.6 hours with a total beam intensity of about (6.43 ± 0.71) · 10
The measurements regarding the recoiling nuclei, such as the yields in the forward and backwards directions, were transformed into kinematic quantities by considering the twostep vector model [14, 15] . According to this method, the first stage of reaction involves the formation of the compound nucleus following by a cascade, leaving residual nucleus with an excitation energy E * and a velocity v (or the momentum p) along the beam direction. At the second stage, the residual nucleus evaporates nucleons and/or light particles, and as a result, the nucleus acquires an additional velocity V . Thus, the velocity V l of a recoiling nuclide, in the laboratory system, is the sum of two vectors, V l = v + V . The velocity vector v is the result of the fast projectile-target interaction, while the velocity vector V , assumed to be isotropic in the moving system, is the result of the slow deexcitation of the excited primary fragment. The vector v is assumed to be constant while the values of the vector V are assumed to have a Maxwell distribution. It is also assumed that there is no correlation between the two vectors. Moreover, the vector v can be decomposed into its two orthogonal components: parallel and perpendicular to the beam, v and v ⊥ , respectively.
Also, according to the this two-step vector model it was assumed that there is no correlation between the velocity v of the excited nucleus and V , the angular distribution of fragments in the moving frame is isotropic, and v ⊥ is zero.
The kinematic properties of the recoiling nuclides depend on their range inside the target or catcher foils and their corresponding energy. It is convenient to express this relation as [14, 15] :
where R is the mean range (corresponding to V ), k and N are constants which can be evaluated from tables of ranges of nuclei recoiling into various materials [18] .
As mentioned before, that main quantities measured in this experiment are the fractions of each nuclide recoiled out of the target in the forward or backward directions. These quantities are derived as;
where S F , S B , and S T are the yields associated with the products formed in the target, emitted in forward or backward directions, and absorbed by the corresponding catcher foil.
These yields were then used to calculate the forward to backward (F/B) anisotropy of the fragment emission and the ranges in the target material (R).
The ranges and the F and B intensities are related by the following expression:
where η = v/V (η = v /V , is the ratio of the parallel component of the first-step to the second-step velocity) and W is the target thickness in mg/cm 2 .
The reaction product mean ranges (R) were calculated using the follow expression [14, 15] :
With the experimental values for the F and B and the mathematical formalism developed in the two-step vector model [14, 15] , it was possible to calculate parameters that characterize the first (v , E * ) and the second (R and T ) stages of the interaction, where T is the kinetic energy of a fragment and E * is the mean excitation energy after cascade nucleus.
The relative velocity of the formed fragment, v /v CN , where v CN is the velocity of a hypothetical compound nucleus formed in a complete fusion, is the main feature that can be considered as the sign of a complete or an incomplete fusion.
The value of the forward velocity v may be used to determine the average cascade deposition energy (excitation energy, E * ) as follows: [19] :
where E * and the bombarding energy T p are expressed in terms of m p c 2 . A t is the target mass in amu and v is in units of (MeV/amu) 0.5 . The constant k ′ has been evaluated by Scheidemann and Porile [19] on the basis of Monte Carlo cascade calculations as k ′ = 0.8.
III. RESULTS AND DISCUSSION
The experimental values of F/B ratio are given in Table I On the other hand, the isotropic distribution of light nuclei may be due to fragmentation or fission-like processes.
The recoil parameter 2W (F + B) is related to the mean ranges of the recoiling nuclei in the target material. Actually, the mean range of the recoils is somewhat smaller than 2W (F + B), but it is convention to refer to the latter as the range. The obtained values of this parameter for each nuclide studied in this experiment are listed in Table I and plotted as a function of the mass number A of the fragments in Fig. 2 . A smooth curve has been drawn over the data just to indicate the trend. The nuclides with higher mass, close to the mass of the compound system, is expected to be produced by the spallation process; and since it is a peripheral interaction, the values for the mean range, 2W (F + B), should be small, as observed. Intermediate mass range nuclides were formed mainly by deep spallation and fission-like mechanisms, and have a relatively larger range associated with a larger contribution of their binary decay. The particles with highest ranges are the light fragments 24 Na and 28 Mg. Such fragments can be produced, for instance, in (multi)fragmentation process with low impact parameter in the collision.
By analyzing the contents of Table I The interesting question concerning the mechanism involved in relativistic nucleusnucleus collision refers on how the energy transfer proceeds, whether the kinetic energy is transferred from the projectile to the target as a whole system or as energy per nucleon.
To answer to this we compared our results of a deuteron induced reaction with those from reaction induced by high energy protons. In Figs. 3 and 4 , we show such comparison for recoil properties of fragments for the reaction induced by 4.4 GeV deuteron and similar measurements for the same products from the reaction induced by 1.0, 3.0 and 11.5 GeV protons with also 197 Au target [6] .
In Fig. 3 we present the comparion of the forward-to-backward ratio, F/B, for the deuteron and proton induced reactions at different energies. As mentioned before, nuclides at intermediate to high mass range are formed by spallation process which corresponds to a more peripheral collision. These heavier nuclides are formed with higher probability at lower projectile incident energies. Thus, by increasing the projectile energy, the spallation reaction probability decreases [21] . As can be observed in Fig. 3 (a) , the ratio of F/B for 4.4 GeV and 11.5 GeV, respectively. Actually, as the proton energy is further increased to 11.5
GeV, the (F/B) deuteron /(F/B) proton ratio are systematically larger. This can be explained by the domination of a non peripheral collisions with a smaller impact parameter for highenergy projectile. By observing the trend of the data in Fig. 3 (b) , we can say that target fragment kinematic properties from deuteron-induced reaction mostly resemble those from the reaction induced by protons at the same total projectile energy. This observation is confirmed by theoretical calculations by Cugnon in Ref. [22] and it is consistent with the data of Kaufman [6] , which found that the recoil properties of target fragment from reaction induced by 25. As can be observed, the ratio of the values of 2W (F + B) for products from both deuteron and proton induced reactions (especially the one at 3.0 GeV proton), as a function of the mass number are similar. This indicates that the deexcitation phase of these reactions is similar for this energy range.
A discussion on the transferred momentum and kinetic energy of the fragments can also be made. The two-step vector model applied here assumes that all the forward momentum transferred from the incident particle occurs in the first step of the reaction (v ), and all of the isotropic processes occur in the second step (V , T ), where the kinetic energy T is derived from range-energy data [18] . We listed in Table II the values of the kinetic energy   (T ) , the parameter N, as well as P (= AV ) values for each nuclide, where P is the mean momentum imparted to the target fragment with mass number A during the deexcitation step of the reaction. The mean momentum P as a function of the mass number of the residual nuclides is present in Fig. 5 . The dependence of P on the ∆A 0.5 (the square root of the number of nucleons removed from the target) is also indicated in this figure as the solid line curve. As one may observe (within certain broad limits) there is a general dependence of P upon ∆A 0.5 . The same tendency was found for the 8 GeV 20 Ne with 181 Ta system [23] , which produces the same compound nucleus as the present work, and in the proton-induced reactions for the deep spallation product range A = 140 − 200 [24] . According to the basic assumptions of the two-step vector model for high energy reactions, this dependence is an indication of a sequential, stepwise momentum kicks being imparted to the fragment during the deexcitation phase of the reaction. Also, the similarity of the P values for the fragments produced by different projectiles asserts that the deexcitation phase of these reactions is the same and does not depend on the type of projectile.
Due to correlation between v and V we can estimate the parallel velocity component transferred to an intermediate nucleus in the first cascade step (v ) and from the eq. (5) we can estimate the mean excitation energy of the residual nucleus after cascade nucleus (E * ).
The longitudinal velocity v for the recoiling nuclei are presented in Table II and plotted in TABLE III: Continuation of Table II . 
